Iron oxide nanoparticles of reduced oxidation state, mainly in the form of magnetite, have been synthesized utilizing a new continuous, gas-phase, nonpremixed flame method using hydrocarbon fuels. This method takes advantage of the characteristics of the inverse flame, which is produced by injection of oxidizer into a surrounding flow of fuel. Unlike traditional flame methods, this configuration allows for the iron particle formation to be maintained in a more reducing environment. The effects of flame temperature, oxygen-enrichment and fuel dilution (i.e. the stoichiometric mixture fraction), and fuel composition on particle size, Fe oxidation state, and magnetic properties are evaluated and discussed. The crystallite size, Fe(II) fraction, and saturation magnetization were all found to increase with flame temperature. Flames of methane and ethylene were used, and the use of ethylene resulted in particles containing metallic Fe(0), in addition to magnetite, while no Fe (0) was present in samples synthesized using methane.
Introduction
Gas-phase flame synthesis is an attractive method for the synthesis of nanoscale metal oxides because of the great potential for large-scale production (Pratsinis 1998; Wooldridge 1998) , as evidenced by the production of fumed silica, titania, and zinc oxides at rates approaching millions of tons/year (Stark and Pratsinis 2002) . While metal oxides have been synthesized using a number of flame configurations, a straightforward and readily scalable method utilizes a non-premixed jet flame, which is formed from the injection of a gaseous fuel (hydrogen or a hydrocarbon) into a surrounding flow of oxidizer (air or oxygen-enriched air). In this flame configuration, there is an abundance of oxygen at high temperature available for oxidation of the metal: the excess oxidant makes it difficult to control the final oxidation state of the product. For example, the introduction of iron pentacarbonyl into a hydrogen/air diffusion flame has been found to result in only fully oxidized Fe(III), largely in the form of maghemite (γ-Fe 2 O 3 ) (Guo and Kennedy 2007) . Upon inspection of the phase diagram for the Fe-O system, it is evident that the synthesis of reduced iron oxides, such as Fe 3 O 4 or FeO, would not be thermodynamically favorable in a typical flame configuration because the oxygen concentration in the region of particle formation is too large. There is widespread interest in nanoscale Fe 3 O 4 (magnetite) because of its catalytic and magnetic properties for applications in magnetic recording and sensing, magnetic fluids, magnetic resonance imaging, and biosensors. A scalable aerosol route for the production of these materials would be very useful.
An inverse diffusion flame offers an attractive alternative for the synthesis of nanoparticles of transition metal oxides. An inverse diffusion flame is created by the injection of oxidizer into a surrounding flow of fuel. This flame provides a unique environment for nanoparticle formation. The inverse flame configuration has been previously utilized in the synthesis of metal oxide nanoparticles, resulting in drastically different particle morphology and crystallinity than those made by classic diffusion flames (Pratsinis et al. 1996; Zhu and Pratsinis 1997) . Studies of soot in laminar inverse flames have shown that soot particles form on the fuel-side of the stoichiometric flame location and are transported away from the flame as a consequence of the flow field and thermophoresis -particles do not cross the stoichiometric location or pass into the oxidizer-side, and are isolated in a fuel-rich environment (Makel and Kennedy 1994; Sidebotham and Glassman 1992; Wu and Essenhigh 1986) . Unrau et al. (2007) utilized this characteristic of the inverse flame for the aerosol synthesis of carbon nanotubes. Similarly, by introducing a metal precursor with the fuel, nanoparticles may be synthesized in a fuel-rich, reduced-oxygen environment, offering the potential for producing transition metal oxides with a reduced oxidation state. Other studies using flame spray systems have demonstrated that by maintaining a reducing atmosphere, reduced metal oxides or even pure metals can be synthesized (Grass and Stark 2006a; . Our focus is the magnetic iron oxide, magnetite (Fe 3 O 4 ).
Flame methods have been successfully applied in the synthesis of Fe 2 O 3 (Grimm et al. 1997; Janzen and Roth 2001; Li et al. 2007; Zachariah et al. 1995) , but application to the synthesis of Fe 3 O 4 has been far more limited. Popular methods for the synthesis of magnetite include a variety of solution/precipitation techniques that are not well-suited for large-scale production. Several aerosol synthesis methods for magnetite have been developed which involve the thermal decomposition of iron precursors in a furnace (Cabanas et al. 1993; Langlet et al. 1986; Schleicher et al. 1998; Tang et al. 1989) . However, production rates via these methods are limited. Gonzalez et al. (2007) employed an electrospray to synthesize carbon-coated magnetite. Mixtures of α-Fe, γ-Fe 2 O 3 and Fe 3 O 4 particles have been produced using flame spray pyrolysis (Makela et al. 2004 ) and laser-induced pyrolysis (Hofmeister et al. 2001) methods. Other reported methods for Fe 3 O 4 that utilize a flame include the so-called "flame fusion" method (Miyake et al. 1999) , which involves the injection of iron powders into a high temperature flame in which they become oxidized and spherical, and a gas-phase method that makes use of the decomposition of Fe(CO) 5 in a bunsen-type flame (Urakawa et al. 1996) .
We report the synthesis of reduced iron oxide nanoparticles in a laminar inverse diffusion flame. While the particle production rate that can be achieved in a laminar flame is very limited in comparison to that of turbulent flames, we choose the laminar flame for this study to extract fundamental information without potential complications arising from turbulent mixing effects. The effects of flame temperature, flame structure, and fuel composition on the particle size, Fe speciation, and magnetic properties are investigated.
Experiment
A laminar, inverse diffusion flame was stabilized on a burner that provided three concentric gas flows. A schematic of the burner and particle collection system is provided in Fig. 1 . This burner was similar in construction to that described by Kumfer et al. (2008) . It consisted of two concentric brass tubes, with outer diameters of 0.95 cm and 1.9 cm, enclosed within a chamber made of acrylic tubing with an inner diameter of 11.4 cm. The enclosure is critical in order to isolate the flame from room air, thereby preventing further oxidation of particles downstream of the flame and preventing the formation of a secondary diffusion flame front that may form due to reaction of excess fuel with room air. Oxidizer (either 100% O 2 or O 2 diluted with argon) exited the inner-most tube. The flow of oxidizer was surrounded by a mixture containing fuel (either methane or ethylene), argon, and the iron precursor vapor. The total amount of fuel supplied was in large excess of that required for stoichiometric consumption of the oxygen, resulting in an overall fuel-rich system. The resulting inverse flame was surrounded by a flow of N 2 . Iron pentacarbonyl (Alfa Aesar, 99.5%), Fe(CO) 5 , was the chosen precursor. Argon was bubbled through liquid Fe(CO) 5 . The Fe(CO) 5 bubbler was kept in an ice bath to maintain a constant vapor pressure. The flow rate of argon through the bubbler was held constant, thus the delivery rate of Fe(CO) 5 was also fixed. Assuming that the mixture leaving the bubbler was saturated, the delivery rate of Fe(CO) 5 was 57 mg/hr. The fuel/argon/ Fe(CO) 5 mixture flow rate was maintained at 1.2 LPM. The oxidizer flow rate was varied to maintain a constant flame height of 30 mm throughout these experiments. This was done in attempt to maintain constant particle residence time in the high temperature zone, which may be characterized by the flame height divided by the gas velocity. The flame exhaust containing the iron oxide aerosol was passed through a diffusion dryer (TSI Inc.) to remove moisture. Particles were collected on a PTFE membrane filter with a pore size of 0.2 µm (Advantec Inc.).
Iron oxide particles were sampled thermophoretically from the flame at a height of approximately 20 mm from the visible flame tip, and deposited onto TEM grids using the rapid insertion technique described by Dobbins and Megaridis (1987) . The sampling probe was injected through a port in the chamber wall. Particle size and morphology were determined using a Phillips CM-12 transmission electron microscope. Magnetic properties were measured at room temperature using a vibrating sample magnetometer (VSM). The crystal structure of iron oxide particles was analyzed using a Rigaku RINT2200 X-ray diffractometer with a Cu-Kα radiation source. The short range structure of iron oxide was determined by X-ray absorption spectroscopy (XAS) using a Rigaku R-XAS X-ray spectrometer (Taguchi et al. 2005) operating in transmission mode. A Si(400) Johansson-type bent single crystal was used for the monochromator. Samples were mixed with BN powder and pelletized.
The majority of the flames in this study were created by injecting pure O 2 into diluted fuel. Hence, the stoichiometric mixture fraction, Z st, is significantly greater than that of a typical pure fuel/air flame. The stoichiometric mixture fraction is the mass fraction of species that originated from the fuel stream, at the location of stoichiometry, and is defined as (1) where Y F,0 and Y O,0 denote the fuel and oxidizer mass fractions at the inlet, W F and W O are the fuel and oxidizer species molecular weights, and υ F and υ O are the fuel and oxygen stoichiometric coefficients, respectively. Soot formation in diffusion flames is drastically reduced upon the increase of Z st (Du and Axelbaum 1995; Kumfer et al. 2008; Kumfer et al. 2006; Sunderland et al. 2004) . Measurements of the sooting limits in both inverse and normal co-flow flames have demonstrated that the flame temperature which results in the onset of soot formation increases dramatically with Z st (Kumfer et al. 2008; Kumfer et al. 2006) . For this reason, the high-Z st flame is advantageous for nanoparticle synthesis in hydrocarbon flames since a much higher flame temperature can be attained before soot contamination becomes problematic. In the absence of Fe(CO) 5 , all of the flames in this study appeared completely blue and no yellow/orange luminosity could be observed from soot particles in a completely dark room. In addition, filter samples were collected in the absence of Fe precursor, and no particles were observed on the filter. Nonetheless, the presence of some carbon within the iron particles cannot be completely ruled out. Another advantage of the high-Z st flame is that it is less susceptible to lift-off or blow-out than are flames of lower Z st , in the inverse configuration (Kumfer 2005) .
Results
Particle samples from five different flames (denoted A thru E) were collected for analysis. For each flame, the adiabatic flame temperature, T ad , was calculated using the CEA equilibrium code (McBride and Gordon 1996) , although this is an overestimate of the actual flame temperature. The adiabatic temperature, fuel and oxidizer boundary mole fractions, and the stoichiometric mixture fraction for each flame are summarized in Table 1 . The effects of flame temperature on the particle properties can be best observed by comparing results from flames B, C and D, which are all methane flames of high Z st . The effects of varying Z st can be best observed by comparing samples A and B, which exhibit very similar flame temperatures. Lastly, the effects of replacing methane with ethylene can be observed by comparing C and E, which are of equal T ad and Z st .
X-ray diffraction patterns of several iron oxide particle samples are shown in Fig. 2 . The spinel structure is the only structure identified from the XRD patterns of samples A -D. The spinel structural feature in sample A appears to be represented even though the diffraction peak width is very large. The spinel structure is characteristic of both magnetite and maghemite, thus it is very difficult to distinguish between these two possible iron oxide species based on XRD. In sample E, an additional peak at approximately 45 degrees is present, which corresponds to the main diffraction peak of cubic iron metal (α-Fe). The particles were not kept in an inert environment. In view of the high reactivity of nanoscale Fe(0) with oxygen, it is hypothesized that the Fe metal phase is contained within a protective shell of a spinel structured iron oxide. The oxide crystallite diameter, D cr , was calculated from Scherrer's formula applied to the peak at 35 degrees. These results are listed in Table 1 . The crystallite diameter is found to increase with flame temperature.
Particles were thermophoretically sampled from each flame and analyzed by TEM. Amongst all of the experiments, flame A yielded the smallest particle size and flame D yielded the largest, and images of particles from these two samples are shown in Fig. 3 . The particles are aggregates composed of smaller primary particles. The unusually long and straight chains observed in sample A are quite unique in comparison to other flame-generated materials. This preferentially linear chain morphology has also been observed in iron particles contained in welding fumes (Zimmer and Biswas 2001) and is caused by the alignment of magnetic dipoles (Kumar and Biswas 2005) .
X-ray absorption spectra of the near-edge structure (XANES) region at Fe K absorption edge were measured and compared with the spectra of reference Fe foil, Fe 3 O 4 and various Fe(III) standard reference materials (RARE METALLIC Co., Ltd.). Backgrounds in the measured absorbance spectra were estimated by extrapolation of the spline function fitted to pre-edge absorbance. After the background was subtracted, the spectra were normalized by using absorbance calculated under the assumption of isolated Fe atom. Measurements of the XANES spectra can be utilized to distinguish between magnetite and fully oxidized iron oxide by observing the relative energy positions of the absorption edges. The XANES spectra from sample A and the reference Fe 3 O 4 material are shown together in Fig. 4a . The Fe K absorption edge energy position of sample A is above that of Fe 3 O 4 , which is indicative of higher oxidation state (O'Day et al. 2004) . After comparing the spectrum of sample A with those of the Fe(III) standard materials (not shown) we conclude that sample A is nearly entirely composed of Fe (III). For samples A, C and D, the measured energy positions of the absorption edge were 1.2 eV, 0.6 eV and 0.4 eV above that for pure magnetite, respectively. With an increase in Z st and flame temperature (comparing samples A and C), the relative edge position decreases, hence the fraction of Fe(II) increases. This is also evidenced by the color of the particles, which transitions from a dark brown to black with increasing Fe(II). In considering the XAFS, XRD, and TEM results together, we conclude that sample C is composed of a mixture of sample A and magnetite. The XANES profile of sample C can be represented by summation of weighted XANES spectra of sample A and magnetite, and the best fit was obtained for 0.65 sample A + 0.35 magnetite. By comparing the relative edge positions of samples C and D (0.6 and 0.4 eV, respectively), the effect of flame temperature on oxidation state is isolated. Increasing the adiabatic flame temperature to 2650 K results in a fraction of Fe(II) that approaches that of pure magnetite (for Fe 3 O 4 , the ratio of Fe(II) to Fe(III) is 1:2).
The XANES analysis of sample E provides further evidence of the presence of Fe metal in this sample. The pre-edge peak is high and the edge gradient is weak in comparison to that of the Fe 3 O 4 reference material. The XANES spectra of sample E, Fe 3 O 4 , and Fe metal foil reference material are shown together in Fig. 4b . The spectrum of sample E was fitted by summation of weighted XANES spectra of Fe metal foil and sample C, and the best fit was obtained for 0.14 Fe + 0.86 sample C.
The saturation magnetization, M s , and the coercivity, H c , obtained from the VSM measurements are listed in Table 1 . Sample E exhibited the largest M s , due largely to the addition of α-Fe, which has a larger M s than that of magnetite. The sample with the lowest M s is sample A, which also has the smallest crystallite diameter and largest fraction of Fe(III). Hysteresis curves from samples B, C and D are plotted in Fig. 5 . The saturation magnetization is found to increase with flame temperature. This trend may be attributed to crystallite size effects. The M s for bulk magnetite is reported to be 92 emu/g (du Trémolet de Lacheisserie et al. 2005) ; however, below a critical grain size, M s is known to decrease with decreasing size (Hergt et al. 1998) . In addition, considering that the XANES spectra of samples, C and D could be represented by a mixture of sample A (which has a low M s ), and magnetite, the trend could be explained by an increase in the fraction of magnetite with flame temperature.
The bulk material has a very small coercivity, indicating that the majority of the particles are exhibiting superparamagnetic behavior. This is not surprising since, for every sample measured, the mean crystallite size measured by XRD is less than the critical grain size for the transition to superparamagnetic behavior, which occurs at around 20 nm (Hergt et al. 1998) . As can be seen from the TEM images, there is a size distribution of primary particles. The measured coercivity can therefore be attributed to those relatively few particles in the bulk sample that are larger than the critical size.
Discussion
The preceding results reveal that the stoichiometric mixture fraction, flame temperature, and fuel composition may be varied for the purpose of controlling the particle size, oxidation state, and magnetic properties of iron oxide nanoparticles. In the following, the effects of each of these flame parameters are examined in more detail, beginning with Z st . By changing Z st , the flame structure, which refers to the species profiles in relation to the temperature profile, is altered. As a consequence of increasing Z st , the local atomic carbon to oxygen ratio (C/O) on the fuel-side of the flame -at a given temperature -is decreased. The relationship between the local temperature, T, and C/O ratio is given in Eq. 2, which was first presented by Sunderland et al. (2004) and derived by employing the classical Burke-Schumann, conserved scalar approach.
(2)
The variables m and n denote the number of carbon and hydrogen atoms respectively in the fuel molecule, C m H n . T f and T 0 are the flame temperature and the boundary temperature (gas temperature at burner exit), respectively.
The C/O ratio has been routinely employed as a measure of the tendency for soot formation and represents the competition for carbon between soot formation and carbon oxidation. The local C/O ratio can also be viewed as an indicator for the reductive or oxidative potential for iron oxides. A large C/O ratio is indication of a fuel-rich environment that is more conducive to forming reduced oxides, while a small C/O ratio is more conducive to oxidation. Consider the local temperature on the fuel side at which Fe(CO) 5 decomposes, releasing CO and Fe(0), T = T d (approx. 325 °C (Smirnov 1993) ). As demonstrated by Eq. 2, when the flame temperature is held constant, increasing Z st results in a decrease of the C/O ratio at the location of T d . Hence, one might expect that this would result in the formation of iron oxide particles having an increased oxidation state. However, comparing the XANES spectra in samples A and C, the opposite trend is observed with the increase in Z st from 0.35 to 0.85. To understand this result, the other consequences of increasing Z st must be considered.
Changing Z st also affects the shape of the flame. For the inverse diffusion flame, an increase of Z st shifts the stoichiometric flame location further into the oxidizer stream, resulting in a taller and wider flame (for constant oxidizer flow rate). In order to maintain constant flame height, the oxidizer flow rate for flame A (Z st = 0.35) is higher than that of flame B (Z st = 0.85) by more than a factor of four. The increase in jet flow rate leads to steeper temperature gradients and increased convection towards the fuel-side (Kumfer et al. 2008) . In addition, the flame is curved inwards towards the oxidizer. Hence, particle transport in the direction away from the flame location via convection and thermophoresis is increased in flame A. On the other hand, in the high-Z st flame, the flame is curved outward into the fuel stream, and the temperature gradients are weaker. As a result, particles may penetrate further towards the flame, entering a region of higher temperature. In fact, this was indicated by the appearance of the flames in this study: in flames B, C, D & E, an orange-yellow luminous region on the fuel-side of the flame was observed due to iron oxide particles at high temperature while no such luminosity was observed in flame A. This evidence suggests that the Fe(III) material synthesized in flame A is a unique and undesirable result of particle formation and growth occurring very far away from the stoichiometric flame location and at a relatively low temperature. The oxidation of Fe(0) released from the decomposition of Fe(CO) 5 is likely due to low temperature reaction with flame products, and not to reactions with intermediate oxygen-containing species in the high-temperature flame zone.
The XRD and TEM analysis of samples B, C and D show that increasing the flame temperature leads to larger particles with a larger crystallite size, as expected since the rates of particle collision, sintering, and crystal growth are all known to increase with temperature. In addition, the XANES spectra reveal that the fraction of Fe(II) also increases with flame temperature. In the case of flames B, C and D, changes in flame shape and flow field are very small and not significant since Z st is not varied significantly. Thus, flame structure effects are more isolated. Looking again at Eq. 2, it is observed that increasing the flame temperature, while holding Z st constant (as was done in flames B and C), results in an increase in the C/O ratio at the location of precursor decomposition, T = T d . The effect of increasing flame temperature is to push the precursor decomposition and particle formation zone into a region with a higher fuel concentration and a lower concentration of oxygen-containing products, resulting in a less oxidizing environment in the particle formation region. The reduction in the oxidation state with increased flame temperature observed experimentally is consistent with this description.
The effect of fuel composition is observed by considering flames C and E. These two flames differ only by the fuel composition; methane was used in flame C and ethylene in flame E. The adiabatic flame temperature, Z st , and the fuel and oxidizer flow rates, were all held constant. Although there is some uncertainty in the use of the calculated flame temperature, it should be recalled that all the flames were non-luminous and radiation losses were similar in all cases. The overall iron oxidation state of sample E was much lower than that of sample C, and contained a significant fraction of α-Fe metal, indicating that the particles in flame E were formed in a less oxidizing environment. This trend is also predicted by Eq. 2 and can be observed by examining the term m/(m+n/4). Thus, the switch from methane to ethylene increases the local C/O ratio by a factor of 4/3.
Other factors relating to gas composition may also be contributing to the preference for reduced Fe in the ethylene flame, compared to the methane flame. For example, acetylene is a major product of ethylene decomposition. In studies utilizing iron-containing particles as catalysts for carbon nanotube synthesis in acetylene atmospheres, it has been shown that iron oxide is reduced during the nanotube growth process (Nishimura et al. 2004; Sato et al. 2006) . In addition, a greater concentration of H 2 resulting from ethylene pyrolysis could result in the reduction of iron oxide via the following reactions (Lin et al. 2003) .
More study which includes modeling of detailed flame chemistry is needed before any hard conclusions can be reached regarding fuel composition effects on oxidation state. Nonetheless, the choice of fuel appears to be an important consideration for the synthesis of these particles.
Conclusions
A gas-phase, laminar diffusion flame process for the synthesis of reduced iron oxide nanoparticles has been demonstrated. The method takes advantage of the unique flame environment that can be achieved through the utilization of the inverse flame geometry and oxygen-enhanced combustion. Nanoparticles exhibiting superparamagnetic behavior composed largely of Fe 3 O 4 were synthesized, as were composite particles containing α-Fe. The effects of flame temperature, stoichiometric mixture fraction, and fuel choice on the oxidation state, particle size, and magnetic properties of iron oxide particles were examined. The crystallite size, Fe(II) fraction, and saturation magnetization were all found to increase with flame temperature. These results offer the intriguing possibility of producing magnetite and other reduced transition metal oxides that are not currently synthesized in bulk using gasphase flame synthesis. In addition to the obvious applications in nanotechnology, such particles may also be used in new remediation technologies for environmental purposes. Powder X-ray diffraction patterns of as-produced iron oxide nanoparticles. XANES spectra of iron oxide particle samples and Fe 3 O 4 and Fe foil reference samples. Hysteresis loops of iron oxide particles produced in a high-Z st flame of methane. Table 1 Summary of flame and particle properties 
